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Ferroelectric (FE) property of HfO2 thin films was first reported in 2011 
NaMLab in Dresden, Germany, which had a fluorite structure, doped with a 
few amounts of Si. It was a very intriguing issue on the FE community because 
the fluorite-type film has only ~ 10 nm thickness, whereas the conventional 
perovskite type ferroelectrics have > 100 nm thickness. It has merit for 
fabrication of 3-dimensional structure due to its small thickness. Also, the band 
gap of the HfO2 thin film is 5.5 eV which is high enough to prevent leakage 
currents flowing through devices. Having titanium nitride as a metal electrode, 
combined with an excellent compatibility with Si, HfO2 as a thin film could be 
the representative industrial-friendly materials for the adoption of memory 
production technology. It has been widely accepted that the emergence of 
unexpected ferroelectricity in HfO2 thin films is due to the formation of non-
centrosymmetric orthorhombic Pca21 phase. However, it still lacks researches 
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Figure 6. 3. The change in the peak location in r-E curves for Hf1-xZrxO2, films 
with various thicknesses. 
Figure 6. 4. Relationship between the current density (J) at an applied voltage 
of 0.8V and equivalent oxide thickness for Hf1-xZrxO2 films. 
Figure 6. 5. (a) The polarization  electric field characteristics, (b) the dielectric 
constant  electric field characteristics and (c) the current density 
 applied voltage characteristics of 5.9 nm-thick Hf0.4Zr0.6O2 thin 
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The saturated 2Pr and Ec values from P-E hysteresis curve were also verified 
by pulse switching measurement, which were consistent with that from P-E 
hysteresis measurements. The role of Al2O3 layer as a series resistor during 
ferroelectric switching could be clearly confirmed by transient switching 
current analysis. The total resistance (RL) and interfacial capacitance (Ci) of 
Al2O3 interlayer can be calculated from the linear region of ln(switching current) 
 time curves, and the effect of Al2O3 layer on RL and Ci could be examined by 
comparing those of 10nm-thick HZO and 20nm-thick HZAHZ films. From the 
analysis, calculated RL of 20nm-thick HZAHZ film was larger than that of 
10nm- -thick 
Al2O3 film in the previous  [28] However, Ci values of 10nm-
thick HZO film and 20nm-thick HZAHZ film are ~33nF and ~32nF, 
respectively. Since these values are much larger than the theoretical capacitance 
of 1nm-thick Al2O3 (~8nF with r of 9), the Al2O3 layer did not work as a series 
capacitor. Thus, these results suggest that the Al2O3 interlayer works as a series 
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Since the first report on the emergence of (unexpected) ferroelectric ity 
in a doped-HfO2 film in 2011, [1] motivations for the deeper 
understanding of this phenomenon occurred [2-6] and the active research 
in this field for its practical application to semiconductor and energy 
related devices has been triggered. [7-9] It is now generally being 
accepted that the emergence of unexpected ferroelectricity in this material 
system is due to the formation of non-centrosymmetrical orthorhombic 
phase (o-phase) of which space group is Pca21. This phase is not 
thermodynamically stable at usual processing conditions (several 
hundred degrees Celsius and near atmospheric pressure). The thin film 
fabrication processes, therefore, appear to induce various (asymmetr ic) 
stresses and grain size effects, [10, 11] which stabilize the ferroelectric 
(FE) o-phase over the other phases, such as monoclinic (m-phase) or 
tetragonal (t-phase) phases. 
HfO2 ZrO2 (HZO) solid solution system is one of the very promising FE 




processing temperature (400  700 oC) for the emergence of these 
functional properties compared with other doped-HfO2, such as Si-dope d 
HfO2, which requires precise control of Si concentration (~4%) and high 
processing temperature (~1000oC). Even more interesting aspect of HZO 
material is that it shows wide range of electrical properties (and crystal 
structure too) depending on Hf:Zr ratio; when it is ~0.9:0.1, ~0.5:0.5, and 
~0.1:0.9, the film showed dielectric, ferroelectric, and anti-ferroelec tr ic 
(AFE) properties, respectively. [12] The composition boundaries between 
these different properties are not clear, which could be further modif ie d 
by detailed processing conditions. 
Recovering the usual dielectric property with increasing Hf concentrat ion 
in HZO film is understandable considering the well-known high-k 
dielectric property of HfO2. However, emergence of AFE property in Zr-
rich composition and unclear composition boundary with the mostly FE-
like 0.5:0.5 HZO impose a certain conceptual difficulty on the 
understanding of the origin of these unexpected FE-AFE behaviors in this 
material system. This difficulty is becoming even worse when identif ying 
the fact that the microstructures of HZO films showing feasible FE or 
AFE properties are not single crystalline or even a single phase; they 
generally have small grain size with random orientation and often contain 
non-FE or non-AFE phases. These factors hinder the straightforwar d 





these films add more difficulties since the FE and AFE properties vary 
with the number of FE or AFE switching cycles. It has been reported that 
the FE properties of many doped-HfO2 thin films, including Hf0.5Zr0.5 O2  
film, became more evident as the cycle number increases, before they 
eventually become frustrated due to the fatigue effect. [13-16] This 
suggests that some of the FE domains are pinned by defects or traps 
within the film or at the electrodes interface, which are typically TiN, at 
a pristine state, and repeated electrical cycles make the domains unpinne d.  
In this work, the authors systematically examined the FE property change 
with electrical cycling (wake-up effect) using standard polarizat ion-
electric field (P-E) hysteresis curve measurements and pulse-switc hing 
(PS) technique. The former is useful to examine the evolution of FE  
AFE properties with increasing cycling number while the latter can give  
the detailed quantitative information on the evolution of HZO/TiN 
contact property, coercive field (Ec), and possibly involved interfacia l 











The 9nm-thick HZO films were deposited on a 50-nm-thick TiN bottom 
electrode (BE) formed on a SiO2/Si substrate via thermal ALD at a 
substrate temperature of 280 oC using Hf[N(C2H5)CH3]4 (TEMAH), 
Zr[N(C2H5)CH3]4 (TEMAZ), and ozone (170 g/cm3) as the precursor of 
Hf, Zr, and oxygen source, respectively. The TiN BE was deposited via 
DC reactive sputtering. The growth per cycle of HfO2 and ZrO2 was 
almost identical (~0.12 nm/cycle), so the HZO films with a 0.5:0.5 Hf:Zr 
ratio could be deposited using a 1:1 HfO2:ZrO2 ALD cycle ratio. 





s and rising/falling time of 2ns, were supplied by a pulse generator (81110A, 







Figure 4. 1(a) shows the cross-sectional TEM image of the 
Pt/TiN/Hf0.5Zr0.5O2/TiN capacitor on a SiO2/Si substrate. The deposit ion 
of uniform and flat HZO films with clean interfaces could be confirme d. 
From the HRTEM image shown in figure 4. 1(b), the polycrystal line 
nature of HZO films could be confirmed from the lattice fringes with 
different directions in different areas. The crystal structure of the HZO 
films might be o-phase, which were examined via fast Fourier 
transformation of the lattice fringes. However, it was challenging to 
clearly distinguish the o-phase from t-phase (d-spacing value of o-phase 
(111) plane and t-phase (101) plane are 2.94 and 2.97 Å, respectively) 
due to their structural similarity. Figure 4. 1(c) shows the GIXRD spectra 
in 2  range of 25°-50° for the Hf0.5Zr0.5O2 film. The diffraction peaks 
from the (111), and (200) planes of the o-phase (or t-phase) HZO could 
be clearly observed in the diffraction patterns. According to the Joint 
Committee on Powder Diffraction Standards, 2  of the (111) plane of the 
o-phase and (101) plane of the t-phase are 30.35° and 30.09°, respectively, 
indicating the challenge for making clear identification of GIXRD peaks. 
Similar difficulty is encountered when identifying the peak near 2  value 
of ~36°. Therefore, the diffraction peaks near 2  values of ~31° and 36° 
are assigned to be the mixture of o-phase (111) and t-phase (101), and o-




these two phases has important implication for the electrical 

















Figures 4. 2(a) shows the change in the P-E hysteresis loops with an 
increase in the number of electrical switching cycles of the Hf0.5Zr0.5O2 . 
For these experiments, the film samples were field-cycled using the pulse 
generator with a field strength of  3.8 MV/cm and 10 s duration, and 
the P-E hysteresis loops were obtained by an FE tester after the intended 
number of cycling was performed. When the Hf0.5Zr0.5O2 film is in the 
pristine state, shape of the P-E hysteresis loop was slanted including 
bumps especially in the left portion of the curve, which might be induced 
by the inclusion of charged defects, non-FE phase, and AFE-like phase. 
However, after the cycling by only 102 times, the film showed an almost 
complete FE-like P-E curves, and further increase in the cycle number 
makes the P-E curve more square-like, i. e. FE-property improved. Inset 
figure shows the increase in the 2Pr value with increasing the cycle 
number. It can be understood that the 2Pr of the Hf0.5Zr0.5O2 film increased 
from 30.2 C/cm2 at the pristine state to 43.4 C/cm2 after the 105 cycles. 
2Pr of > ~40 C/cm2 has not been reported for the HZO film yet, and is a 
highly promising value for FE memory application. Such increase in 2Pr 
and general disappearance of the AFE-like distortions in the P-E curves 
with increasing the cycle number indicate the followings could have 
occurred. The pristine film appears to have pinned domains, indicated by 
the smaller 2Pr value, some of which are anti-parallel with each other, 




pinning could be induced by the presence of charged point defects such 
as oxygen vacancies, or even non-FE phases such as t-phase Hf0.5Zr0.5O2 . 
[22] Therefore, the field cycling is believed to induce the depinning the 
pinned domains, combined with the local phase transition from non-FE 
phase to FE phase. It has been identified from the careful fitting of the 
GIXRD patterns that field cycled Hf0.5Zr0.5O2 which apparently is FE-like 
still contains non-negligible t-phase. Confirming the possible transition 
of some of the non-FE phase, t-phase, into FE o-phase during the field 
cycling by an in-situ type experiment, such as focused X-ray analysis 
using synchrotron source on field cycling device would be an interesting 
topic for future research. This work provides an indirect proof for the 
change of the non-FE phases into FE phase by the field cycling using the 
pulse switching technique as shown later.  
Figure 4. 2(b) shows the r-E characteristics with different number of 
electrical switching cycles within the same film. It shows the butterfly-
like feature, a typical characteristic of FE materials, at the pristine state. 
The r value of the film over the ~2 MV/cm electrical field where the FE 
switching effect is excluded, was ~33.0 when the film was at the pristine 
state, and it gradually decreased with electrical switching cycles. Finally , 
the r value reached to ~30.5 at the 105 cycles. From the changes in P-E 
and r-E characteristics during electrical switching cycles, it could be 




Lomenzo et al. and Park et al. also suggested the phase transformat ion 
from t- to o-phase based on the simultaneous increase in Pr and decrease 
in r during field cycling in Si-doped HfO2 thin film [23] and HZO thin 
film. [24] Also, the intersection points of the butterfly curve are shifted 
toward the positive bias with increasing switching cycles, which implies 
that the internal field of the HZO film increases simultaneously. It has 
been reported that the distribution of oxygen vacancies within the HZO 
film could be affected by the pulsed wake-up cycling. [16] As the internal 
field is significantly related with charged defects, the internal field 
increases during the wake-up process. In addition, the peaks of dielectr ic 
constant near Ec decrease with increasing number of switching cycles. 
Although the low-frequency dielectric constants of the FE-phase HZO 
along the parallel and perpendicular direction to the Pr direction have not 
been solidified yet, experimental and theoretical results for the 
conventional FE material, such as BaTiO3 and Pb(Zr,Ti)O3 (PZT), 
reasonably illustrate that the dielectric constant is lower along the P r-
direction. [25, 26] Therefore, the r-E characteristics of the film with 
increasing cycle number correspond to the r-E characteristics of typical 
FE materials with field cycling, meaning that the obtained Hf0.5Zr0.5 O2  




The change in FE domain switching kinetics with cycling is further 
examined by adopting the PS experiments as shown in Figs. 4. 3. For this 
experiment, the films were pre-poled to the opposite direction to the 
switching pulse direction and domain switching current (Isw) was 
estimated as a function of time with different magnitude of applied field, 















Figure 4. 3(a) shows the schematic diagram for pulse application with 
time. For these experiments, 10 s pulses were adopted, which is long 
enough to induce sufficient FE switching even at the lowest field 
(2.2MV/cm). The switching charges for both negative to positive 
were estimated for different electrical cycling numbers. Figures 4. 3(b) - 
(d) show the switching current transient for the pristine, after cycling for 
102 and 105 times, respectively. According to the polarization reversal 
theory in FE film mediated by the reverse domain nucleation and growth, 
of which detailed functional form can be varied depending on the specific 
circumstance (Komogolov-Avrami-Ishibashi kinetic model or nucleat ion 





, where t0, tsw, RL, and Ci are the time when ferroelectric film starts 
switching, the time when the switching process is completed, the total 
resistance of measurement circuit and sample, and the interfacia l 
capacitance, respectively. The RL is the summation of the internal 
resistance of pulse/pattern generator (RW) and digital oscilloscope (RO), 




RW, RO and RP is estimated to be ~104 in this experiment. This 
representation basically assumes that the FE capacitor has a non-FE 
interfacial capacitance (Ci) which is invariant during the field applicat ion 
time, so capacitive charging current flows with a time constant, RLCi , 
while a constant switching current flows into the FE layer during the 
switching time period. This means that the FE layer itself behaves like a 
resistor during the FE switching. [27] Therefore, if there is no interfacia l 
capacitance involved (Ci ~ sw must be achieved during 
switching, which is generally not the case. The observed Isw vs. time 
curves at different field in Figs. 4. 3(b) - (d) show an abrupt increase in 
current at the beginning of pulse application, which corresponds to the 
capacitive charging of overall capacitor structure, followed by a rapid 
decrease in Isw with time as the charging completes. At t = t0, indicated by 
the black arrow within the figures, which is the time when the film starts 
switching, Isw(t) aligns with Eq. (4. 1) and follows the linear behavior of 
the semi-log plot (dotted lines). According to Eq. (4. 1), the I0sw, which is 




, where Ea is an applied field and tf is a thickness of the film. This means 




to the FE layer while the rest portion of the Ea is applied over RL. 
Therefore, for different cycling conditions, RL and Ec can be calculated 
from the slope and the intercept of abscissa by taking I0sw at each Ea and 
plotting the value as a function of Ea (Figs. 4. 3(e) - (g)). Since RL value 
is achieved from Eq. (4. 2), Ci can also be calculated from the slopes of 
the fitting graphs of Isw at each Ea (dashed lines in Figs. 4. 4(e) - (g)), 
which showed a common value at different Ea
number. It has to be noted that the calculated Ec value corresponds to the 
genuine coercive field value of the FE layer without involving any 
additional term that could be induced from the series resistance and Ci, 























To confirm the reliability of the PS technique, change in the Ci as a 
function of a cell area at the pristine film is plotted in Fig. 4. 4(b). As the 
data points, although not sufficiently many, are fitted well with a straight 
line, it is believed that the PS technique gives reliable results. The 
intercept at the y-axis of the fitted line corresponds to the parasitic 
capacitance of the PS measurement system, which was ~ 2.2 nF. The 
parasitic capacitance is induced by the probe station, pulse generator and 
oscilloscope in the experimental set-up. Hence, Ci is subtracted by the 
value (~ 2.2 nF) of the parasitic capacitance, which is connected on circuit 



































Figures 4. 5(a) and (b) show the summary of the estimated variation of 
Ci, Ec and Rc for positive-to-negative and negative-to-positive PS, 
respectively, as a function of cycle number. Rc does not show any notable 
variations suggesting that the electrical contact between the TiN electrode 
and HZO film does not vary with field cycling. However, Ec shows clear 
increase from ~0.8 MV/cm at pristine state to ~0.95 MV/cm after 105  
cycles with increasing cycle number. These values are generally smaller 
than the value estimated from the P-E hysteresis curves in Fig. 4. 2(a), 
where the +Ec and Ec are ~1.2 MV/cm and ~0.9 MV/cm. This is because 
the voltage drop across the series components (RL and Ci) is involve d 
when obtaining the Ec from the P-E curves. 
The increase in Ec with cycle number indicates that the following critical 
change has occurred in the FE property of the film. If the field cycling 
merely induces the depinning of the pinned domains while the amount of 
the FE domains exhibiting FE performance remains invariant, Ec should 
have been decreased. Therefore, the increase in Ec suggests that the 
amount of actively contributing FE domains with slightly higher local Ec 
values actually increases with cycle number. This is consistent with the 
increase in the 2Pr values with the cycle number, and also consistent with 
the idea that some of the originally non-FE phases in the pristine film 




The Ec of such transformed FE phase could be slightly higher than that of 
the originally FE phase. 
Change in Ci is also consistent with the idea of changing the non-FE phase 
into the FE phase with cycling. While the accurate nature of the Ci, 
generally estimated from such PS measurements, is not very well 
understood yet, it might be closely related with the presence of an 
interfacial dielectric layer and/or an intrinsic dead-layer. Although it is an 
indirect method to characterize the Ci parameters of the non-FE parts from 
the whole measurement circuit which includes FE parts, this method can 
be feasibly used for identifying the nanoscale changes within the FE thin 
films. It has been reported that the critical nuclei size of a few nm level 
could be examined during the initial stage of polarization switching using 
similar PS technique, signifying the usefulness of this technique to 
evaluate the nanoscale structural change. [27] Since the dielectr ic 
constants of the FE HZO and the non-FE HZO phases are not very much 
different (~30 for o-phase and ~35-40 for t-phase), compared with the 
cases involving the conventional FE material, such as PZT, the large 
increase in Ci value during the cycling (from ~19 F/cm2 at pristine state 
to ~62 F/cm2 after 105 cycles) may correspond to the decrease in the 
thickness of the interfacial non-FE phase. Since there are two interfaces 
that contribute to the estimated Ci, the actual capacitance of one interface 




reasonable to assume that these non-FE phases are present mostly at the 
interface region with the electrodes. At this region, after the nucleat ion 
stage when the film grows, the phase transition from t-phase (non-FE 
phase) to the o-phase is restricted due to surface energy effect. It can be 
concluded that the field cycling changes the interfacial non-FE phases 
into FE phase. This is consistent with the idea of increasing the FE domain 
volume with slightly higher Ec mentioned above. As can be understood 
from the continuously increasing 2Pr value with increasing cycle number 
up to 105 in Figure 4. 4(a), there could be further increase in the FE 
performance at even higher cycle number. However, further increase in 
cycle number induced the fatigue effect and was excluded from the data. 
Hence, it is believed that there is not much room left for further 
improvement from the maximum value of Ci at 105 cycles. It can be 
understood that the low Ci value at low cycle number is due to the 
involvement of both physical non-FE phase at the interface and intrins ic 
dead-layer effect. While the capacitance of intrinsic dead-layer in 
TiN/HZO interface has not been estimated yet, values for the idealize d 
perovskite/metal interfaces, such as PbTiO3/Pt and PbTiO3/SrRuO3, can 
be referenced to qualitatively estimate Ci values. They were calculated to 
be ~79 F/cm2 and ~58 F/cm2, respectively, for one interface from the 
first principles calculation. [22] The relatively low electrical conductivity 




with pure metal (Pt) generally induced less efficient screening of the 
polarization charge of the ferroelectric or dielectrics layer in contact, and 
thus, the Ci value is lower. Because TiN has a resistivity (~220 cm) 
closer to that of SrRuO3 (~100  200 cm) than Pt (~10 cm), 
electrode polarization must be rather significant, which would render the 
smaller Ci. Therefore, the estimated 124 F/cm2 (per one HZO/TiN 
interface) after the 105 cycling appears quite unusual, because this value 
must have come from two contributions, if any, from both electrode 
polarization and interfacial dielectric layer. Nevertheless, a specific form 
of BaTiO3/Pt interface (Ba  Pt bond formation) is reported to have an 
interfacial capacitance density as high as ~2,700 F/cm2 implying the 
validity of having a Ci value > 100 F/cm2. [21] In fact, Kim et al. and 
Jiang et al. also performed similar PS measurement on the Pt/PZT/Pt 
capacitor [28] and Pt/Al2O3/PZT/Ir capacitor. [29] They acquired similar 
2Ci value of ~160 F/cm2 and ~130 F/cm2 , respectively. Further 
theoretical work is necessary in this field. 
According to the above mentioned model, the Ci-1, which is the inverse 







, where Cint,top and Cint,btm are intrinsic dead-layer capacitance at the top 
and bottom interface, respectively, and Cnon-FE is a physical non-FE phase 
capacitance. It should be noted that the Cint,top and the Cint,btm are intrins ic 
values of the electrode, which must be remained invariant during the field 
cycling. The contribution from charged defects at the interfaces is linked 
with the Cnon-FE. Because Cint,top and Cint,btm are not known for TiN, Cnon-FE  
cannot be calculated from the estimated Ci values at pristine state and 
after 105 cycles. Nevertheless, the difference between the two estimated 
values can be used to approximate the change in Cnon-FE when the Cint,top 
and Cint,btm are assumed to be identical and not affected by the wake-up 
effect, which is a reasonable assumption. When the dielectric constant of 
the non-FE layer was taken as 40 (t-phase), an approximate thickness 
decrease of 1.1 nm was calculated for two interfaces by the 105 electrical 
switching cycles. This can be a negligible value in conventional FE 
capacitor, where the FE thickness is usually higher than ~100nm. 
However, in this HZO case, the total film thickness is only 9 nm, which 
means that ~ 12% of the whole thickness was non-FE phase at the pristine 
state. Considering that the 2Pr value increased from ~30 C/cm2 to ~43 
C/cm2 after 105 cycles (in P-E characteristics), which corresponds to ~43% 
increase from the initial value, the ~12% transition from the t-phase into 
the o-phase during the cycling cannot solely explain the 2Pr enhancement. 




depinning of the pinned FE domains during the wake-up cycling. It might 
be possible that the domain pinning of the original FE phase (o-phase) 
has been caused by the presence of the non-FE phase (t-phase). The field 
cycling may induce the transition from the t-phase to o-phase and 








In conclusion, the wake-up behaviors of Hf0.5Zr0.5O2 with increasing 
electric field cycling number were examined by the P-E hysteresis loop, 
r-E curves, and pulse switching tests. Hf0.5Zr0.5O2 film shows mostly the 
FE-like behavior from the pristine state, where the slight AFE-like 
distortion could be ascribed to the anti-parallel distribution of some of the 
FE domains and the AFE phase. The field cycling of only 100 cycles 
almost completely removed such anti-parallel pinned domains. Further 
increase in the field cycling number more effectively poled the domains 
making the Pr largely increase. The field cycling also transformed the 
non-FE phases, mostly at the electrode interface, to FE-phase, which 
could be inferred from the increase in the interfacial capacitance. These 
results indicate that the physical state of the FE-phases in the HZO film 
is quite different from the conventional FE thin films, such as PZT, in a 
sense that it is the outcome of variously oriented domains, possibly 
including anti-parallel orientation. The field cycling plays a role as the 
poling in conventional FE materials, but the high field-induced non-FE t-
phase to FE o-phase transition could also contribute to the effective poling 
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The ferroelectricity in doped HfO2-based ferroelectric thin films, 
including Hf0.5Zr0.5O2 thin film, was first reported in 2011. [1, 2] This 
unexpected ferroelectricity is now elucidated to originate from the 
formation of Pca21 orthorhombic phase (o-phase) which has not been 
carefully considered when the materials were extensively studied for their 
application as high-k gate dielectrics for field effect transistors or 
capacitor dielectrics in dynamic random access memory. [3-6] By 
controlling the Zr contents, Hf1-xZrxO2 (HZO) thin films showed 
dielectric (x=0), ferroelectric (x~0.5), and antiferroelectric (x~0.7) 
properties, which are due to the involvement of various polymorphs such 
as monoclinic (m-phase, space group: P21/c, dielectric), o-phase (space 
group: Pca21, ferroelectric), and tetragonal (t-phase, space group: 
P42/nmc, antiferroelectric) phases. [7] While the dielectric and 
ferroelectric phases have attracted a great deal of attention for the 
aforementioned applications, including ferroelectric field effect 




recently due to their high potential for solid-state energy-relate d 
applications. [8-11] Classical understanding on the emergence of 
antiferroelectricity is based on the anti-parallel alignment of polarizat ions 
within the lattice, which has been proved in conventiona l 
antiferroelectrics, such as PbZrO3. [12-14] The anti-parallel polarizat ions 
can be switched to align under the external bias with sufficiently high 
field, which is accompanied with the two branches of ferroelectric- like 
hysteresis loops at both large positive and negative bias regions in their 
polarization  electric field (P-E) curves. Similar arguments can be 
applied to the HZO system, and recent theoretical calculations based on 
the first principles elucidated that ZrO2 in t-phase could be 
antiferroelectric. [15] This means that these antiferroelectic properties 
must result from the field-induced phase transition between t- and o-
phases, provided that the free energy difference between the t- and o-
phase is sufficiently small to be overcome by applying electric field of a 
few MV/cm magnitudes. [15] Owing to the temperature dependence of 
this field-induced phase transition, the giant pyroelectric energy 
harvesting and electrocaloric effect could be observed in Zr-rich 
antiferroelectric HZO thin films. [15, 16] The ferroelectricity and 
antiferroelectricity in HZO and doped HfO2 thin films were 
comprehensively reviewed in 2015. [3] For theoretical understanding, 




polymorphisms in HZO thin films based on the computationa l 
calculations using the density functional theory. This report showed that 
the relative energy of the t-phase compared to that of the o-phase 
decreased with increasing Zr content from 0.5 to 1.0, [17] which was 
consistent with the experimental observation on the transition from the 
ferroelectric phase to the antiferroelectric phase with increasing Zr 
content. [7] From the report, it could be also understood that the transition 
temperature of HZO thin films between the t- and o-phases is not far from 
room temperature. [17] In the o-phase unit cell, the permanent dipoles 
formed by the displacement of four among eight oxygen ions relative to 
the cations are with the same directions, making it ferroelectric. [1, 17] 
However, in the t-phase unit cell, four among eight oxygen ions move 
slightly upward from their neutral position in eight tetrahedral sites within 
the cubic fluorite phase, whereas the others move downward with the 
equivalent magnitude resulting in zero net polarization in a unit cell. [1, 
17] It should be noted that the magnitude of the displacements of oxygen 
ions in t-phase is much smaller compared to that of the o-phase. [17] 
Therefore, there is an important difference between the antiferroelec tr ic 
structure of a perovskite-based material, such as PbZrO3, and Zr-rich 
HZO, which is more like a (super) structure of distorted fluorite lattice. 
In the former case, the magnitude of permanent dipoles in the lattice is 




Hence, the nonpolar structure is actually due to the antipara lle l 
arrangement of the permanent dipoles within the structure and appearance 
of the double hysteresis loops under the application of high field is due to 
the alignment of all the permanent dipoles into one direction. [12-14] 
However, for the latter case, the theoretical calculation showed that the 
magnitude of permanent dipoles in the t-phase (super) structure is much 
smaller than that of the o-phase ferroelectric structure, albeit the dipoles 
are also antiparallel making it a nonpolar phase. Therefore, under the 
application of high field, the appearance of the antiferroelectric - like 
double hysteresis loop might be due to both field-induced dipole 
formation and its alignment with the field direction. In this work, the t-
phase is regarded as either nonpolar or antiferroelectric, but two terms are 
not precisely discerned. 
The temperature-dependent phase transition of polar materials is one of 
the most extensively studied topics in solid state physics, but the most 
researches have been focused on the perovskite structure materials. [18-
20] In many multi-cation polar materials, the transition temperature could 
be changed by controlling the cation composition, since the relative free 
energy of their polymorphs is affected by the cation ratio. [18-20] The 
changes in P-E curves of HZO films with varying Zr contents also showed 
that the relative free energy and resulting transition temperatures of HZO 




transition in polar materials are generally categorized into two different 
types; the first order and the second order. For the case of the former, the 
remanent polarization (Pr) disappears abruptly at a certain temperature 
(Curie temperature, Tc), whereas the Pr decreases continuously with 
increasing temperature and finally becomes zero for the case of the latter.  
[21] It is generally known that the abrupt polarization disappearance 
during the first order phase transition originates from the involvement of 
the nonpolar (NP) phase. [21] 
The conventional polarization switching in ferroelectric thin film 
systems, where the ferroelectric bound charge is well compensated by 
free carriers in metal electrodes, can be explained by the nucleation and 
growth of reverse domains. [21] However, as shown in this report, the 
reversible switching of the polarization near phase transition can be 
mediated by the involvement of NP phase during the switching process, 
which is in a stark contrast to the ferroelectrics far below the transition 
temperature. Especially, the P-E hysteresis loop of the specific HZO film 
with a Hf:Zr ratio of 0.4:0.6 showed an intermediate shape between the 
 could be understood from 







HZO films were deposited on a TiN substrate, which also plays a role as 
the bottom electrode (BE) for electrical tests, using thermal atomic layer 
deposition at a substrate temperature of 280 oC using Hf[N(C2H5)CH3]4  
(TEMA-Hf), Zr[N(C2H5)CH3]4 (TEMA-Zr), and ozone (200 g m-3 of 
concentration) as the Hf-precursor, Zr-precursor, and oxygen source, 
respectively. The growth per cycle of HfO2 and ZrO2 is almost identica l 
(~0.11nm/cycle), so the composition of the HZO films can be controlle d 
by changing the ALD cycle ratio for HfO2 and ZrO2. 9-nm-thic k 
Hf0.4Zr0.6O2 film could be deposited using an ALD cycle ratio for 
HfO2:ZrO2 of 4:6. In order to electrically characterize the HZO films, 
Pt(30nm)/TiN(5nm) top electrode (TE) was deposited using direct current 
sputtering through a shadow mask whose hole diameter is 300 m (TiN 
contacts with the HZO film). After the TE deposition, post-metallizat ion-
annealing was performed for 30s at 500oC in N2 atmosphere under 100torr 
pressure using rapid thermal annealing for the crystallization of the films. 
The composition and the thickness of the HZO films were examined using 
X-
ellipsometry (ESM-300, J.A. Woolam), respectively. The crystal 
structure of the HZO films were examined using a grazing-a ngle 




diffraction pattern of the Hf0.4Zr0.6O2 film was reported in previous works.  
[11, 16] The P-E characteristics were measured using a ferroelectric tester 
(TF analyzer 2000, Aixacct systems). For the pulse switching 
measurements, rectangular positive or negative pulses with a pulse width 
of 10 s and rising/falling time of 2ns, were supplied by a pulse generator 
(81110A, Agilent) with an internal resistance of 50 . The switching 
current response from the HZO film was monitored using an oscillosc ope 
(TDS684Dm Tektronix) with an internal resistance of 50 . For all the 
electric characterizations, TE was biased while BE was grounded during 








Figures 5. 1(a) and (b) show the schematic energy-polarization (U-P) 
and P-E curves based on the simple mathematical model for the first order 
phase transition of a polar material. [21] The P-E curves were derived 
from the U-P curves by noting that electric field is given as a 
differentiation of U with respect to P. It should be noted that these 
theoretical P-E curves could be different from the experimenta lly 
measured P-E curves since the theory did not take the kinetic barrier into 
account for polarization switching, which actually plays critical role in an 
experiment. [21] Especially, the negative slope regions in the P-E curves 
correspond to the negative capacitance behaviour of the material, which 
is of course unrealistic in general experiments. [21] Therefore, the 
nucleation and growth of reverse domains with opposite polarizat ion 
generally occur during polarization switching of these polar materials , 
which is accompanied with a sudden change in the polarization state as 
indicated by the vertical dash lines in Fig. 5. 1(b). [21] These transitions 
mediated by the reverse domain nucleation and growth also involve 
kinetic limitations, which makes the experimental P-E curves of general 
slanted shapes and hysteretic behaviours as shown in Fig. 5. 1(c). In the 
figure, three HZO films show a typical ferroelectric, broken hysteresis 




0.3:0.7 of Hf:Zr ratio, respectively. The four transition temperatures (T0 , 
Tc, T1, and T2) exist for the case of the first order phase transition, [21] 
and the dotted lines in Fig. 5. 1(a) correspond to the U-P curves at the four 
critical temperatures. T0 is the Curie-Weiss temperature over which the 
NP phase starts to exist as a metastable state with respect to the stable 
ferroelectric phase. When the temperature is lower than T0, only two 
potential wells are present in U-P curve (black curve in Fig. 5. 1(a)), and 
the single loop can be observed during the P-E measurement (black curve 
in Fig. 5. 1(b)), which is the characteristics of ferroelectric materials. At 
T = T0, one more potential well emerges in U-P curves near P=0 
(corresponding to the NP phase, red dash curve in Fig. 5. 1(a)). When the 
temperature is between T0 and Tc, the minimum energy state still 
corresponds to the polar state, and the P-E curve appears to be similar to 
the single ferroelectric hysteresis curve (blue curves in Figs. 5. 1(a) and 
(b)) with lower coercive field (Ec). At Tc, the free energy of the 
ferroelectric phase and the NP phase becomes identical (red dash curve 
in Fig. 5. 1(a)), hence the polar phase becomes metastable for Tc<T<T1  
(dark green dash and lines in Figs. 5. 1(a) and (b)). Because of this 
characteristic feature of U-P curve, the P-E curve becomes to show a 
ferroelectric-like hysteresis but its detailed shape can be appropriate ly 
 [21] In this temperature region, 




states correspond to the local minimum. There are energy barriers 
between the local minima of the polar phase and the NP phase, which 
makes part of the polar material to be retained even when the external 
field disappears, once the material is fully (pre-) polarized into one 
direction with sufficiently high external field. Therefore, the broken 
hysteresis state contains certain non-negligible Pr and Ec, whereas, the 
genuine antiferroelectric material becomes to be composed of equal 
portions of anti-parallel polarized lattices when E = 0, and, thus, the Pr = 
0 and Ec = 0, which is the case of T > T1. This type of broken hysteresis 
loop was experimentally observed from the Hf0.4Zr0.6O2 thin film at room 
temperature as shown in Fig. 5. 1(c). With further increase in temperature, 
T1 is reached, which is the limiting temperature of polar phase at which 
the barrier between the polar phase and the NP phase disappears, and the 
polar phase loses metastability at zero electric field (dark blue dash curve 
in Fig. 5. 1(a)). Under this circumstance, the polar phase can exist only 
under a certain magnitude of external electric field, so the double 
hysteresis with field-induced phase transition can be observed within this 
temperature range (magenta dash and magenta line curves in Figs. 5. 1(a) 
and (b)). When T increases to T2, the polar phase cannot be induced even 
under an external electric field (green curve in Fig. 5. 1(a)). Thus, only 





Figure 5. 1(c) shows the experimental P-E curves of the HZO films with 
various Hf:Zr ratios which are reproduced from the previous reports. [5, 
11, 16, 22, 23] With the Hf:Zr ratios of 0.5:0.5 and 0.3:0.7, the 
characteristic single and double loops, which refer to ferroelectric and 
field-induced ferroelectric (or antiferroelectric) properties, can be 
observed. While the graphs in Figs. 5. 1(a) and (b) represent the transition 
between different states with varying temperature for a given polar 
material, the data in Fig. 5. 1(c) reveals that similar transition can be 
induced by varying the Hf:Zr ratio at room temperature. The different 
shapes of hysteresis curves imply that the Hf0.5Zr0.5O2 thin films match 
well with the T<Tc case whereas the Hf0.3Zr0.7O2 thin films match with 
the T1<T<T2 case. It is uncertain, however, whether the Hf0.5Zr0.5O2 film 
actually corresponds to T<T0 or T0<T<Tc case, since ferroelectric single 
P-E hysteresis can be observed for both cases. As expected from the 
previous theoretical work, [17] the transition temperatures are believed to 
decrease with increasing Zr contents. For the case of the Hf0.4Zr0.6O2 films, 
the broken hysteresis could be observed, which might be induced by the 
involvement of the intermediate NP phase, and the most probable 
crystallographic phase for the NP phase is a t-phase. Based on its P-E 
characteristics, the Hf0.4Zr0.6O2 thin film corresponds to the Tc<T<T1 case. 
From the observed double and broken hysteresis loops, the phase 




the abrupt disappearance of polarization with increasing temperature 
might be hardly observed due to the polycrystalline nature and surface -
energy-dependent polymorphism in HZO films, which induce 
distributions in physical parameters, such as Ec. Hence, the first-order-
like rather than the first order would be a better description in this case. 
[17] 
Although the shape of the P-E hysteresis of Hf0.4Zr0.6O2 film and its 
composition dependent variations seem to be qualitatively matched with 
the classical first order phase transition theory, the broken hysteresis can 
result from other origin such as the mixture of two ferroelectrics with two 
different Ec values. If there are two kinds of ferroelectrics with different 
Ec values, the single hysteresis with smaller Pr will be observed with the 
external field between two Ec values. With further increasing electric field 
above higher Ec value, the broken hysteresis will be observed. Therefore, 
the P-E characteristics with various electric field were measured, and the 
results are included in figure 5. 2(a). As seen in figure 5. 2(a), the single 
hysteresis under relatively low electric field could not be observed under 
the low field. The temperature dependent P-E hysteresis was also 
measured, and the results are shown in figure 5. 2(b). Since the Ec of 
ferroelectrics generally does not increase with increasing temperature, the 
Ec values in P-E curves might not increase with increasing temperature. 




electric field for tetragonal-to-orthorhombic phase would increase with 
increasing temperature according to the classical first order phase 
transition theory since the energy difference between the tetragonal and 
orthorhombic phase would increase with increasing temperature. As seen 
in figure 5. 2(b), the electric field required for phase transition increases 
with increasing temperature, which also validates the argument based on 
the first order phase transition theory. Furthermore, the temperature 
dependent variations in 2Pr values can be seen in figure 5. 2(c). The 
decrease in 2Pr values with increasing temperature could be clearly 
observed, meaning that the temperature further increases to T1 within this 
temperature range. Based on the above mentioned evidences, it is 
believed that the possibility of the mixture of ferroelectrics with two 
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For the pulse measurement, the pulse generator and the digita l 
oscilloscope were serially connected with the Hf0.4Zr0.6O2 capacitor. The 
pulse generator generates rectangular electric pulses for pre-poling and 
switching of the Hf0.4Zr0.6O2 capacitors, while the switching current 
responses were monitored by a digital oscilloscope. Before the switching 
pulse was applied, the Hf0.4Zr0.6O2 capacitors were pre-poled either 
upward or downward using the rectangular electric pulse with the -3.8 or 
3.8 MV/cm height and the 10 s width. After the pre-poling, the switching 
pulses with the 10 s width and various field strength (3.3  3.9 MV/cm) 
of opposite polarity were applied to the Hf0.4Zr0.6O2 capacitor. Figures 5. 
3(a) and (b) show the switching current responses for UP DOWN and 
DOWN UP polarization switching. As seen in Figs. 5. 3(a) and (b), the 
two (slanted) plateau regions, which were the characteristic sign of 
ferroelectric switching current, could be observed. [25-28] For the case 
of UP DOWN polarization switching, the first and the second plateau 
regions might be relevant to the UP NP switching and NP DOWN 
switching, respectively, which is not the case of general ferroelectric 
capacitors. For general ferroelectric capacitors, a single plateau switching 
current region is generally observed, which could be attributed to the 




containing the NP phase, such as Hf0.4Zr0.6O2 film, the nucleation and 
growth (both in vertical and lateral directions) of the NP phase within the 
pre-poled ferroelectric phase is energetically more favourable compared 
with the nucleation and growth of domains with anti-parallel polarizat ion 
considering the electrostatic boundary conditions at the polar phase/NP 
phase and polar phase/anti-parallel polar phase interface. 
The switching current responses (ISW) during the polarization switchin g 
can be fitted using the following equation (5. 1). [25] 
               (5. 1) 
, where Va, Vc, RL, Ci, t, and t0 are applied voltage, coercive voltage, total 
load resistance, interfacial capacitance, time, and the time when 
polarization switching starts, respectively. [25] The (Va-Vc)/RL value 
refers to the initial switching current (Isw0) which is the switching current 
value when the polarization switching of ferroelectric films starts. The 
detailed description of the pulse measurement system can be found in 
previous works. [25-28] The RL is the summation of all resistors in the 
measurement circuit, including the resistance of a pulse generator (RPG), 
the resistance of an oscilloscope (ROSC), parasitic resistance (RP), and 
contact resistance (RC). [25-28] From the pulse measurement with short 




RPG, ROSC, and RP was estimated to be 104 . [29] Ci is the summation of 
interfacial capacitance and parasitic capacitance of the measurement 
circuit, but the parasitic capacitance could be ignored based on the 
previous work, where the parasitic capacitance was revealed to be smaller 
than Ci by one order of magnitude. [29] 
Figures 5. 3(c) and (d) show the change of ISW0 as a function of pulse 
height for the two plateau regions, region I (~0.0-0.5 s) and region II 
(~0.7-3.0 s) for UP DOWN and DOWN UP polarization switching, 
respectively. Here, the t0 was taken from crossing point between the 
upward arrows and experimental data in Figs. 5. 3(a) and (b), which was 
the point where the experimental data deviated from the best-linear-fitte d 
graphs (dotted lines) based on the equation (5. 1). From the slope and x-
intercept of the best-linear-fitted graphs, the RL and Ec values (Vc/film 
thickness) could be estimated. For the case of UP DOWN polarizat ion 
switching, the (RL, Ec) values of region I and region II were (157 , 0.52 
MV/cm) and (173 , 2.11 MV/cm), respectively. The estimated Ec value 
from region II was slightly smaller than that (2.52 MV/cm) from the static 
P-E measurement in Fig. 5. 1(c). It should be noted that the Ec values in 
P-E loops were estimated from the field value at which the largest slope 
in the P-E loop could be observed, not from the cross point of the P-E 
curve with the field axis (x-axis). In general, the Ec value estimated 




frequency is infinitely low, whereas the Ec value from the P-E hysteresis 
encompasses the contribution from the voltage drop across the parasitic 
components. [30] Although there were finite differences from the values 
estimated from UP DOWN and DOWN UP polarization switching, 
the difference was generally small, suggesting that the polarizat ion 
switching is symmetrical with respect to the bias polarity. This is 
consistent with the symmetrical configuration of a capacitor structure, 
TiN/HZO/TiN. The Ci values were also calculated from the slopes of the 
best-linear-fitted lines and known RL values for regions I and II. The 
estimated Ci values for region I and II were 11.1 and 24.7 F/cm2, 
respectively, for the case of UP DOWN polarization. The similar Ci 
values (11.1 and 25.3 F/cm2 for region I and II, respectively) were also 
calculated for DOWN UP polarization switching. The Ci value from 
region II was ~2.2 times larger than that from region I, whereas the 
difference in RL values was less than 10%. Generally, the Ci value is 
strongly related with the non-switching region of ferroelectric films, such 
as interfacial dead layers. Therefore, the largely different Ci values in 
regions I and II indicate that there is an intricate factor, which could be 
different for the two switching regions. This could be interpreted with two 
switching regions represent spatially different regions across the 
capacitor area of which polar nature of the bulk as well as interfacia l 




are two distinctive regions with such distinctive polar natures despite the 
presence of highly uniform film microstructure grown by an atomic layer 
deposition method. Therefore, the two-step ferroelectric switching is 
hypothesized to be mediated by the intermediate NP phase as shown in 
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Figure 5. 4. The schematic diagram for the two step polarization switching 
of Hf0.4Zr0.6O2 films. (a) Upward pre-polarized state, (b) 
nucleation and (c) growth of nonpolar tetragonal phase upon 
the removal of pre-poling field, (d) nonpolar state, (e) 
nucleation and (f) growth of downward polarized sate, and (g) 






Figure 5. 4 shows the schematic diagram for the two-step polarizat ion 
switching (UP DOWN) with the involvement of the intermediate NP 
phase. Under the high negative field, the polarization in Hf0.4Zr0.6O2 film 
might be uniformly upward (pre-poling, Fig. 5. 4(a)). This state 
corresponds to initially negatively poled state in Fig. 5. 1(c) or Fig. 5. 3(a). 
With decreasing negative electric field in P-E or at the termination of the 
negative pre-poling pulse in a PS measurement, the nucleation (Fig. 5. 
4(b)) and growth (Fig. 5. 4(c)) of the NP, which could be the t-phase, have 
occurred. Under the condition of E = 0, the polar state of the sample would 
be correspondent to Fig. 5. 4(c) and a certain part of UP polarization is 
retained, because there is finite energy barrier between the polar state and 
the NP state although the NP state is energetically stable. During the 
nucleation process, the electrons are assumed to be injected from the TE 
to boundary region between the NP and UP polarization (Fig. 5. 4(b)) to 
minimize the electrostatic energy at the NP/polar phase interface, and the 
vertical growth of nuclei would occur extremely fast due to the relatively 
large boundary energy. [26] When the NP domains reach the opposite 
electrode (BE), the carried negative charges are neutralized by the 
positive charges at the BE. As a result, when the external bias is 
terminated, the Hf0.4Zr0.6O2 film contains mixed UP and NP regions as 
shown in Fig. 5. 4(c). Now, when the opposite bias is applied either in P-




the material would possess entirely NP phase as shown in Fig. 5. 4(d). 
This step, i. e. Figs. 5. 4(c)-(d), may correspond to the change occurring 
in region I in Fig. 5. 3(a). Jiang et al. showed that during the polarizat ion 
switching, the ferroelectric domains could be regarded as a resistor 
because a constant voltage (Vc) is applied across the layer irrespective of 
Va, and the finite slope in the Isw  t curve in their plateau region is due to 
the involvement of Ci. In other words, the switching current transient can 
be interpreted as the charging behaviour of C-R series connection. [25] 
Therefore, the estimated Ci refers to the portion of UP region in Fig. 5. 
4(c) because that region is responsible for the first switching transient. 
When this first switching transient is completed, the actual switching to 
the opposite polarization will start from the NP phase to DOWN 
ferroelectric phase via similar nucleation and growth processes of DOWN 
domains within the NP phase as shown in Figs. 5. 4(e) - (g). It can be 
easily understood that, in this case, the entire volume of the material, 
which was now NP, switches to DOWN ferroelectric phase, so the 
involved Ci represents the entire surface area of the capacitor. This is 
related with the region II in Fig. 5. 3(a). This finding indicates that the Ci 
values estimated from regions I and II can be quantitatively compared 
with the change in polarization values related with the changes associated 
with Figs. 5. 4(c) - (d) and Figs. 5. 4(d)  (g). It can be noted that the 




remaining UP polarization, which must be identical to the negative Pr in 
Fig. 5. 1(c) (~10 C/cm2). On the other hand, the polarization change 
associated with Figs. 5. 4(d)  (g) corresponds to the positive saturation 
polarization, which is ~30 C/cm2 in Fig. 5. 1(c). However, this value 
contains contribution from the dipolar displacement of the dielectr ic 
portion of the thin film, which seems to be ~5 C/cm2 from the 
comparison with the P-E curve from Hf0.5Zr0.5O2. Therefore, the 
polarization charges involved in regions I and II are ~10 and ~25 C/cm2. 
It is interesting to note that the ratio between these two values, 2.5, is quite 
similar to the ratio of the estimated Ci values, 2.2. This clearly indicates 
that the material is uniform across the entire electrode area, and involve d 
interfacial layers are also uniform, in terms of its thickness and dielectr ic 
constant. The authors have reported that the interfacial layer is most 
probably composed of the t-phase with an approximate thickness of ~1nm.  
[29] Similar analysis applied to the DOWN UP switching tests also 
produced an identical conclusion. These findings also imply that the 
hypothesis on the involvement of intermediate NP phase during the 
polarization switching in this film is reasonable.  
Next, the wake-up effect of Hf0.4Zr0.6O2 film was examined. In HZO and 
doped HfO2 ferroelectric thin films, the increase in Pr and Ec values is 
observed with increasing number of electric field cycling. [31-33] This 




been suggested as the origin behind it. Zhou et al. suggested that the 
wake-up effect originates from the depinning of domains due to the 
reduction of the defect concentration near TiN electrode. [31] Martin et 
al. suggested that the wake-up effect comes from the phase transition 
from m- to o-phase based on transmission electron microscope study. [32] 
Lomenzo et al. suggested the t-to-o phase transition as the origin of the 
wake-up effect based on the concurrent increase in Pr and decrease in 
dielectric constant. [33] The authors also examined the wake-up effect in 
thin Hf0.5Zr0.5O2 films (thinner than 8nm), and reported that the wake-up 
effect results from the t-to-o phase transition within such ultrathin films.  
[34] In addition, the change in Ci of Hf0.5Zr0.5O2 thin films was also 
examined using a PS measurement, and it was found that the Ci increased 
with increasing field cycling number which could be ascribed to the t-to-
o phase transition of the interfacial layer. [29] Even though several studies 
focused on the wake-up effect of ferroelectric Hf0.5Zr0.5O2 and doped 
HfO2 films, the evolution of broken hysteresis loop and two-step 
switching current response from pulse switching measurement has not 













Figure 5. 5. (a) Double remanent polarization - electric field curves 
measured after various number of pulse application for wake-
up. The switching current response (ISW)  time curves of (b) 
UP DOWN and (c) DOWN UP switching. The magnitude 






































































































































































































For the PS measurement, the positive and negative square electric pulses 
of 3.8 MV/cm height and 10 s width were applied, prior to the P-E or 
pulse measurement. Figures 5. 5(a)  (c) show the P-E curves and 
switching current responses for UP DOWN and DOWN UP 
switching, respectively, of the Hf0.4Zr0.6O2 film in a pristine state and after 
102, 103, 104, and 105 times of electrical pulses. As seen in Fig. 5. 5(a), 
the intermediate hump region became narrower with increasing number 
of field cycling, which almost disappeared after 103 times of electric field 
cycling. After 103 times of field cycling, the ferroelectric single loop 
could be observed. The similar tendency could be observed in Isw-t curves 
for UP DOWN and DOWN UP switching in Figs. 5. 5(b) and (c). The 
electric pulse height of the PS measurement was fixed at 3.8 MV/cm. 
After 103 times of electric field cycling, the two-step polarizat ion 
switching could not be observed both of UP DOWN and DOWN-UP 
switching, and the time transient feature became to be of a single plateau 
region, which is a typical characteristic of ferroelectric thin films. This 
means that the mostly antiferroelectric structure of the Hf0.4Zr0.6O2 film 
changes to ferroelectric one upon the repeated electric cycling with such 
high field. This also means that the involvement of the NP t-phase during 
the polarization reversal becomes negligible with increasing field cycling. 
If free energy of the ferroelectric phase is much larger than the NP t-phase, 




elucidated that the free energy difference between the ferroelectric o- and 
NP t-phase is quite small (<5 J/cm3), so it might be possible to transform 
the material from the NP to a polar phase if there is redistribution of 
defects. [17] Since the electric field strength for this wake-up experime nt 
is relatively high (a few MV/cm level), the charged defects might 
redistribute during the polarization switching. [35] It should be noted that 
the magnitude of the electric field used in this experiment is similar with 
the HfO2-based resistive random access memories based on the field-
induced migration of oxygen vacancies. [36] 
From the switching current responses measured at various pulse height of 
3.3-3.9 MV/cm, the variations in Ci, Rc, and Ec values as a function of 
switching cycle number were also calculated. Isw  t data for these tests 
are included in Figs. 5. 6 and 5. 7 for samples after cycling for 102, 103 , 
104, and 105 times for UP DOWN and DOWN UP switching, 
respectively. The estimated Ci, Rc, and Ec values are summarized in Figs. 
5. 8(a) and (b) for UP DOWN and DOWN UP switching. Up to the 
electric field cycling number of 103, the switching current transient 
showed a two-step behaviour, which is consistent with the data in Fig. 5. 
3, and the Ci and Rc values did not vary significantly. Here, these values 
were extracted from the first plateau region of the switching responses up 
to 103 cycling number, while the values after that cycle number were 




became higher than 103, Ci and Ec values significantly increased. On the 
other hand, the magnitude of Ec from DOWN UP switching was larger 
than that from UP DOWN switching after 105 times of electric field 
cycling by 0.4 MV/cm. This might be due to the presence of the internal 
field in Hf0.4Zr0.6O2 capacitor and the similar tendency could be observed 
in the P-E curves in Fig. 5. 5(a). Such significant increases in Ci and Ec 
after field cycling were also observed in ferroelectric Hf0.5Zr0.5O2 films, 
but in that case the Ci and Ec values increased continuously with the cycle 
numbers, while its Pr value increased abruptly only after 102 cycles. In 
ferroelectric Hf0.5Zr0.5O2 film, it was elucidated that the increase in Ci and 
Ec could be ascribed to the decrease in the non-ferroelectric interfacia l 
layer thickness, i. e. the interfacial t-phase is transformed to o-phase by 
the electrical cycling. [29, 33] It should be noted that the Ci values before 
and after the wake-up occurs between Hf0.5Zr0.5O2 (~20 25 F/cm2 for 
pristine and ~60 F/cm2 after wake-up) and Hf0.4Zr0.6O2 (~11 F/cm2 for 
pristine and ~46 F/cm2 after wake-up) films have finite differences. 
Especially for the case of the pristine sample, the Ci value of Hf0.4Zr0.6 O2  
film was smaller than the half of Ci value of the Hf0.5Zr0.5O2 film. This 
difference could be understood based on the difference in the area of 
switching region. As previously mentioned, before positive switching 
pulse is applied, the Hf0.4Zr0.6O2 film contains mixed UP and NP states, 




50% of the total area of the Hf0.4Zr0.6O2 film might switch from UP to NP 
state, whereas whole area of the Hf0.5Zr0.5O2 might switch from UP to 
DOWN state. By assuming that the qualities of electrode/ Hf0.5Zr0.5O2 and 
electrode/ Hf0.4Zr0.6O2 interfaces are almost equivalent, the differences 
between Ci values in pristine Hf0.4Zr0.6O2 and Hf0.5Zr0.5O2 films could be 
reasonably understood from the difference in the area that actually 
contribute to switching. The increase in Ci value of Hf0.4Zr0.6O2 film 
during the electric field cycling might be also partly explained by the 
change in switching area. However, the ~2 times increase in switching 
area, as discussed in Figs. 5. 3 and 5. 4, itself cannot explain the >~4 times 
increase in Ci value by the wake-up. Therefore, it is believed that the t-to-
o phase transition observed in Hf0.5Zr0.5O2 also occurred in Hf0.4Zr0.6 O2  
films, which might be induced by the decreasing portion of non-switc hing 
interfacial layer. [29] 
The disappearance of the two-step switching behaviour in the Hf0.4Zr0.6 O2  
film after 103 switching cycle suggests that the polarization switching in 
this film does not involve the NP phase anymore; it became ferroelectric -
like involving the nucleation and growth of domains with reversed 
polarization. This could be understood based on the t-to-o phase transition 
mechanism for the wake-up effect. In ferroelectric films, a smaller Pr, than 
the saturation polarization, Ps, is generally achieved by the depolarizat io n 




arises mostly from the interfacial dead layer, which prohibits the complete 
screening of ferroelectric bound charges by compensation charges in 
metal electrodes, and charged point defects, such as oxygen vacancies, 
which pin the local ferroelectric polarization into a certain direction. 
There are other contributions to this decrease in Pr such as mechanica l 
strain or dielectric displacement components. Upon the removal of the 
external field, the depolarization effect can induce two possible 
configurations of domains with polarization other than the (pre-polarize d) 
matrix phase; reverse domain as in typical ferroelectrics and NP phase 
domain as in this Hf0.4Zr0.6O2 film before the wake-up. Compared to 
ferroelectric Hf0.5Zr0.5O2, the relative energy of the t-phase compared to 
that of the o-phase is relatively lower in Hf0.4Zr0.6O2, so it is more 
probable to induce the NP t-phase when the field is removed as shown in 
Figs. 5. 4(b) and (c). Tc of Hf0.4Zr0.6O2 film might be lower than room 
temperature, so the free energy of the t-phase must be lower than the o-
phase. It should be noted that Tc is the temperature at which the free 
energy of the ferroelectric and the NP phase become identical. As a result, 
there might be no driving force for the reverse domain nucleation with o-
phase structure in the Hf0.4Zr0.6O2 film. For the case of the Hf0.5Zr0.5 O2  
film, on the other hand, the free energy of o-phase must be lower than that 
of the t-phase, since its Tc is higher than room temperature. After electric 




of the interfacial layer disappears, as can be understood from the 
significantly increased Ci value, and many of the point defects can be 
healed out by the thermal energy assisted (Joule heating by the leakage 
current) field migration. This means that the driving force for the NP 
domain formation is greatly reduced when the external field is removed. 
Upon the application of reversed bias, domains with reversed polarizat ion 
would be directly nucleated and grown as in the case of ferroelectric film. 
It might be argued that the NP phase can still be nucleated and grown 
upon the reverse bias application, but the small energy difference between 
the NP t-phase and polar o-phase can be easily overcompensated by the 
electrostatic energy under the reverse bias application, and the direct 
transition to the opposite polarization could be induced. Before the wake-
up cycling, some parts of the (pre-) polarized region need to be 
depolarized by the depolarization effect, which might not be sufficie nt ly 
high to overcompensate the t- and o-phase energy difference, and NP 
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With ever increasing data to be stored and processed, the dramatic advance in 
memory technology has been a working horse which has successfully supplied 
the demand. It was possible since scaling down of memory size has been a 
master key which enables high speed, high density, and low cost. It was same 
for the dynamic random access memory (DRAM) which works as a primary 
memory in-memory architecture. The feature size of the DRAM is now scaled 
down to < 30 nm, and extending the scaling trend according to well-known 
Generally, DRAM consists of 1 transistor and 1 capacitor, and scaling down of 
the capacitor is believed to be much more challenging compared to that of the 
transistor. In fact, DRAM might depend mostly on the performance (high 
capacitance density with extremely low leakage current and low loss factors) 
of the capacitor among the various semiconductor-related microelectronic 
devices. [1] The specific technical difficulties in memory devices including 
DRAM was extensively reviewed by Hwang. [2] 
To extend the scaling trend in conventional DRAM, new materials with high 




find a perfect candidate with high r and extremely low leakage current has not 
been an easy task, since the electrical bandgap and r are generally inversely 
proportional. [1] Therefore, the selection of electrode materials or dopants, as 
well as selection of capacitive layer materials, is also highly important to 
achieve significant capacitance density with sufficiently low leakage current. 
Currently, ZrO2/Al2O3/ZrO2 (ZAZ) system is widely used in commercial 
DRAM, but ZAZ should meet its physical limit shortly. Therefore, extremely 
high r materials, such as rutile TiO2 ( r ~ 100) and perovskite SrTiO3 ( r ~ 490) 
are intensively studied as next-generation capacitive layer materials. [3, 4] For 
their utilization, however, special conditions, such as special electrode 
materials and dopants, are needed. For the formation of Rutile TiO2, Ru or RuO2 
electrode are needed to suppress the formation of Anatase phase. [5] Moreover, 
Al doping is required to reduce the leakage current by increasing Schottky 
barrier height. [6] The deposition of perovskite SrTiO3 using thermal atomic 
layer deposition (ALD) is a rather challenging task due to their complex growth 
chemistry which originates from the different reactivity of Sr- and Ti-
precursors. [7] Furthermore, the adoption of Ru, RuO2, or SrRuO3 electrode is 
also required for Perovskite SrTiO3 films. Although these two candidates 
showed highly promising properties with very low equivalent oxide thickness 
(tox), they also have many difficulties in the fabrication process. Therefore, if 




standard materials and process, it would be highly beneficial for the scaling 
down of DRAM shortly.  
The utilization of morphotropic phase boundary (MPB) might be another 
viable solution to find out new high r materials since MPBs in many materials 
system showed unexpected extraordinary properties deviated from the general 
relation between r and bandgap. [8] Especially for the case of MPB between 
nonpolar and polar phase, high r can be achieved by controlling the free energy 
difference between the two phases. [9] However, the utilization of MPB as a 
capacitive layer in DRAM has been considered not so promising, since most 
researches have been concentrated on perovskite structure materials within a 
single crystal or epitaxial film form. [8] The adoption of special electrode 
materials (such as SrRuO3) for epitaxial film growth might not be a practical 
solution for commercial devices. Even worse, their r decreased abruptly with 
a decreasing film thickness in many cases, and the deposition of high-quality 
films on Si substrate is a highly challenging task. [7] Moreover, most of 
perovskite structured materials lack matured deposition techniques appropriate 
for a nanoscale 3-dimensional structure such as ALD. However, utilization of 
MPB in DRAM capacitors is still believed to be an attractive solution, if we 
can find out a new MPB in industry-friendly material systems with well-known 
physics and chemistry. 
Ferroelectricity and antiferroelectricity in the solid solution of HfO2 and ZrO2 




ferroelectricity with Pr larger than 17 C/cm2 could be observed with the Hf:Zr 
ratio of 0.5:0.5 and film thickness of ~10nm. [11] This unexpected 
ferroelectricity in thin Hf0.5Zr0.5O2 films is now believed to originate from the 
formation of noncentrosymmetric orthorhombic phase (o-phase, space group: 
Pca21) which might be stabilized due to the combination of various factors such 
as asymmetric strain, surface energy, and doping. [12] The ferroelectric Hf-
0.5Zr0.5O2 films are considered to be promising for the memory applications 
including 1 capacitor  1 transistor-type ferroelectric random access memory 
(FeRAM) or 1 transistor-type ferroelectric field effect transistor (FeFET). The 
antiferroelectricity with the field-induced phase transition between o-phase and 
tetragonal phase (t-phase, space group: P42/nmc) could be observed within 
more Zr-rich composition compared to ferroelectricity. [11] It was suggested 
that the antiferroelectricity could be used for various energy-related 
applications, such as electrostatic energy storage, pyroelectric energy 
harvesting, electrocaloric cooling, and infrared sensing. [13-15]  
Another highly interesting topic in HZO films should be an MPB of o- and t-
phase in thin Hf1-xZrxO2 
Hf0.3Zr0.7O2 films showed the largest r of ~45 at 0V with the film thickness of 
~9.2 nm among the films with various Hf:Zr ratio and this value is also 
desirable when its relatively small film thickness and low leakage current are 
considered. [16] The MPB in HZO films seems highly attractive owing to their 




techniques. [9] In fact, HfO2 has been used as a gate oxide material since its 
first adoption in Penryn chip by Intel company, and ZrO2 is currently used as a 
capacitive layer in commercial DRAM. [1] Moreover, TiN, which is currently 
a standard electrode material in DRAM, can be used as electrode material. [2] 
Another promising feature of HZO capacitor is that the interfacial capacitance 
of TiN/HZO interface is relatively high (~1200 fF m-2), which should be 
beneficial for scaling of capacitive layers. [17] The authors recently examined 
the interfacial capacitance of TiN/HZO interface from pulse switching 








HZO films were deposited on a TiN-electroded SiO2/Si substrate via 
thermal ALD at a 280oC substrate temperature, using Hf[N(C2H5)CH3]4, 
Zr[N(C2H5)CH3]4, and ozone as the Hf precursor, Zr precursor, and oxygen 
source, respectively. The 50-nm-thick TiN electrodes were deposited on the 
SiO2/Si substrates via DC reactive sputtering. The growth per cycle of HfO2 
and ZrO2 were almost identical (~0.11 nm/cycle). Thus, the Hf:Zr atomic ratio 
could be controlled easily by changing the ratio of the ALD cycles for the HfO2 
and ZrO2. For the electrical characterization, a Pt(30nm)/TiN(5nm) top 
electrode was deposited via DC sputtering through a shadow mask with a 
300 m hole diameter (TiN contacted the HZO film). After the TE deposition, 
post-metallization annealing was performed for 30 s at 500oC in an N2 
atmosphere using rapid thermal annealing, to crystallize the films. The 
composition and tf of the HZO films were examined via X-ray fluorescence 
-116d, Gaertner), 
respectively. For the electrical characterization, the P-E, J-E, and C-V 
characteristics were measured using a ferroelectric tester (TF Analyzer 2000, 
Aixacct Systems, at a 1 kHz frequency), a pA METER/DC voltage source 
(4140B, HP, with hold time of 1.0 s) and an impedance analyser (4194A, HP, 
at the AC bias frequency of 10 kHz). The crystal structure of the HZO films 
was analyzed using an X- ytical), via 






Figure 6. 1 shows the schematic phase diagram based on the experimental 
 [12] The HZO films were 
deposited using thermal ALD at 280oC on TiN bottom electrode and annealed 
at 500oC in the N2 atmosphere for 10-30 seconds. It should be noted that the 
phase can be different for different film deposition and annealing conditions. 
For all compositions, the m-phase is formed in relatively thick films, since the 
m-phase is a stable phase both for HfO2 and ZrO2. However, o- and t-phase 
could be observed in relatively thin films when the formation of stable m-phase 
is prevented by the size effect. [18] The broken loop in the phase diagram refers 
to the films of which polarization-electric field (P-E) curves show broken 
hysteresis loop, and the broken loop originates from the two-step polarization 
switching due to the involvement of the intermediate nonpolar structure, t-
phase in HZO films. [9] The broken hysteresis is evidence which shows that 
the free energy difference of o- and t-phase is tiny. The largest r of MPB can 
be achieved with a slightly more Zr-rich composition compared to the broken 
0.5Zr0.5O2 
films with decreasing film thickness occurred at ~7 nm. [18] However, the 
thickness-dependent o-to-t phase transition in HfO2 films have not been 
reported yet, this might be because the film thickness is too small to be 




reported the ferroelectricity in pure HfO2 films, but these results were from the 
mixture of o- and monoclinic phase (m-phase, space group: P21/c). [20] 
Materlik et al. theoretically examined the complicated competition between 
various polymorphs in polycrystalline HfO2, ZrO2, and Hf0.5Zr0.5O2 films with 
columnar grain structure. [21] In this report, the HfO2 and Hf0.5Zr0.5O2 film can 
exist in o-phase within the thickness range of 3-5 and 8-16 nm, respectively. 
[21] According to their work, the Hf:Zr ratio for MPB within the film thickness 
of 8 nm is 0.5:0.5, and the Zr contents of MPB might decrease with decreasing 
film thickness. [21] This trend can be understood based on the combination of 
the effect of Zr contents on the surface energy and bulk energy difference 
between o- and t-phase. The bulk free energy of o-phase is lower than that of t-
phase in HfO2, whereas it is the opposite in ZrO2. Therefore, the increase in Zr 
contents increases the relative free energy of o-phase compared to that of t-
phase. As a result, the smaller film thickness is required to stabilize t-phase in 
more Hf-rich HZO films. [21] This theoretical calculation seems fairly 
consistent with the experimental results. [21] Based on these experimental and 
theoretical works, the MPB of o- and t-phase in HZO films were marked by red 
dotted line in Figure 1, and the scaling strategy of HZO capacitors along this 









Figure 6. 1. The schematic phase diagram of Hf1-xZrxO2 films with various 
thickness and Zr contents.   
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In this experiment, rapid thermal annealing (RTA) was carried out at 
various temperatures (400, 500, 600 C). Since crystallization is not easy when 
the thin film is thin, however, only the result of the RTA at 600 C has been 
shown in figure 6. 2.. Crystallization was observed to occur well in the 5nm-
thick thin film at 600 C RTA. However, as seen from polarization curve, 
leakage currents were huge in some compositions. When the thickness of the 
films becomes thinner, it is highly likely to be vulnerable to leakage current or 
break down, so that it is impossible to increase the RTA temperature further. It 
can be seen that the phase transition from FE to AFE is observed as the ZrO2 
contents increases at the same film thickness. It is also observed that the AFE 
phase transition occurs as the film thickness becomes thinner in the same 
composition. For example, the peak of r appears in the direction of the voltage 
sweep at the r-E curve of the 0.5:0.5 contents thin film. From this peak location, 
it can be seen that the peak appears at the far side in the sweep direction in the 
8nm-thick film, which is a typical feature of ferroelectricity. However, when 
the thickness of films becomes thinner, it can be seen that the location of the 
peak is gathered in the middle. Moreover, when the film thickness is 5 nm, the 
location of the peak is completely inverted with respect to each other. This 
means that the phase transition is entirely complete. Therefore, when the peak 















Figure 6. 3 shows the location of the r peaks according to the applied field 
in the r-E results shown figure 6. 2. First, solid dots are the result when the 
applied voltages are changed from negative to a positive direction, and open 
dots are the result when the applied voltages are changed from positive to the 
negative direction. When the ZrO2 contents are more than 0.7, the location is 
not inverted because the AFE behavior is already observed from the 8nm-thick 
film. However, when the HfO2 contents are larger than that, the locations appear 
to be inverted when the film thickness decreases. Therefore, MPB appears at a 
film thickness of about 7.1 nm, 6.7 nm, and 5.6 nm when the film compositions 
(Hf:Zr) are 0.4:0.6, 0.5:0.5 and 0.6:0.4, respectively. As contents of ZrO2 
decreases, the thickness of MPB decreases gradually. Therefore, to reduce the 
thickness of the appearing the MPB, it is necessary to increase the HfO2 
contents. However, since crystallization is difficult when the contents of HfO2 
is increased, and thickness of the film is thinner, an appropriate composition 









Figure 6. 3. The change in the peak location in r-E curves for Hf1-xZrxO2, films 





Figure 6. 4. shows the relations of leakage current characteristics and tox. 
The composition of the films with the lowest tox was 0.4:0.6. Among the best 
examples, the tox of a 7 nm-thick film by annealed on 500 oC is 0.60 nm, and 
the tox of an 8.1 nm-thick film by annealed on 600 oC is 0.59 nm. As seen from 
fig 6. 2., these films have high r with overlapped peak locations in the ~ 0 V 
ranges. The 8.1 nm-thick film has a r about ~55. 
There is one innovative way to reduce tox of the films. To lower the tox, a 
thin physical thickness of the film is required, while retaining the r. However, 
as noted above, it is difficult for these films to have a high r because the 
location of the peaks of these films was separated. So when these films 
experience an appropriate wake-up field cycle, peaks can be placed in the center, 










Figure 6. 4. Relationship between the current density (J) at an applied voltage 





Figure 6. 5(a) shows the P-E curves of the 5.9 nm-thick Hf0.4Zr0.6O2 film in 
a pristine state and after wake-up field cycles. The wake-up field cycles were 
conducted by repetitive electric field of 107 times with a pulse height of 3.5 
MV/cm and a pulse width of 10 s. At the initial state, the film appears AFE 
characteristics with double hysteresis loops. By sufficient wake-up cycles, 
however, the phase transition of the film could change the shape of P-E 
hysteresis curve into a broken loop. Figure 6. 5(b) shows r E curves of the film 
in a pristine state and after wake-up field cycles. In the pristine state, the curve 
shows two separate peaks at both side corners. After wake-up field cycles, these 
two separate peaks located in the center with high r about ~50. Due to the high 
r and thin physical thickness, the tox of the film dropped extremely low to 0.45 
nm during the wake-up field cycle. However, as shown in Figure 6. 5(c), the 
leakage current increased by about an order. Another problem is the need to 
have a wake-up field cycles applied to each cell in advance because the voltage 
of the field cycles is much larger than the DRAM operating voltage range. 
However, it is believed that there is enough room to be improved by optimizing 




















Figure 6. 5. (a) The polarization  electric field characteristics, (b) the dielectric 
constant  electric field characteristics and (c) the current density 
 applied voltage characteristics of 5.9 nm-thick Hf0.4Zr0.6O2 thin 





As previously mentioned in the introduction, various materials to replace 
the state-of-the-art ZAZ capacitive layer have been extensively studied these 
days. Among the various candidates, the Al-doped TiO2 and SrTiO3 are 
believed to be the most promising. The r and bandgap of rutile TiO2 are ~100 
and 3.0 eV, respectively. However, to suppress the formation of Anatase phase 
of which r is only 35-40, special conditions, such as Ru or RuO2 electrode, are 
required. Moreover, to decrease the relatively large leakage current, Al doping 
is essential to achieve the tox value smaller than 0.8 nm by decreasing leakage 
current density by increasing Schottky barrier height. Based on these 
optimizations, tox of ~0.37 nm could be achieved. The bulk r (~490) of SrTiO3 
is even larger than that of Rutile TiO2 with similar bandgap. However, the r 
value decreases with decreasing film thickness, and Ru, RuO2, SrRuO3 
electrode is required to achieve sufficiently low tox value with low leakage 
current. [6, 7] Moreover, the film growth of SrTiO3 using ALD is a rather 
challenging task due to their complicated chemistry which originates from the 
different reactivity of Sr- and Ti-precursors. [7] Despite such difficulties, the 
minimum tox of 0.39 nm could be achieved for SrTiO3. Compared to these 
materials, the tox value (~0.62nm) of TiN/HZO/TiN capacitors in the present 
study seems rather large. However, this value was achieved by using standard 
electrode material (TiN), and this is only a pioneering work. It is believed that 
the electrical properties of HZO capacitors might be improved by optimizing 




might decrease the leakage current by increasing Schottky barrier height, 
similar with Al:TiO2. The adoption of Ru or RuO2 electrodes seems not so 








In conclusion, the schematic phase diagram of HZO films with various 
thickness and Hf:Zr ratio was presented based on the previous works, and the 
scaling strategy for DRAM capacitors using the MPB of o- and t-phase in HZO 
films was suggested. From the C-V characterizations, the extraordinary r 
values could be observed in the MPB, and it could be confirmed that the 
composition of films changes with changing film thickness. The Zr contents for 
MPB decreased with decreasing film thickness owing to the relative decrease 
of the free energy of o-phase compared to that of t-phase. The minimum tox of 
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the scaling strategy for dynamic random access memory 
(DRAM) capacitors using the MPB of o- and t-phase in HZO films was 
suggested. From the C-V characterizations, the extraordinary r values could be 
observed in the morphotropic phase boundary (MPB), and the composition of 
films changed with changing film thickness. The Zr contents for MPB 
decreased with decreasing film thickness owing to the relative decrease of the 
free energy of the o-phase compared to that of t-phase. The minimum tox of 0.59 
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